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Flavor physics in the SM
Mediated by four quark operators
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By dimensional arguments proportional to 1/Λ2EW
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Flavor hierarchies in the SM

Strength of couplings determined by CKM matrix

1 λ λ3
λ 1 λ2
λ3 λ2 1( )VCKM =

Processes depend on the CKM matrix elements 

Bd Bd mixing : (VtbVtd)2/mW2 = λ6/mW2

Bs Bs mixing : (VtbVts)2/mW2 = λ4/mW2
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particles can 
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the loops
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Flavor physics beyond the SM

Such additional 
particles can 
participate in 
the loops

For generic BSM physics contribution ~ 1/Λ2

If Λ ~ ΛEW much too large flavor violation  

Hierarchy problem: need additional physics at EW 
scale to cancel quadratic divergences
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Flavor physics and EWSB

Most models of BSM physics motivated by hierarchy 
problem

Scale of flavor physics much higher that EW scale

Generic models have way too much flavor mixing

Special care needed to ensure consistency with flavor 
physics experiments

Classify models according to their additional 
contributions to flavor physics



Christian Bauer HCP, Durham, 5/24/06

Minimal Flavor Violation
All flavor effects have been seen in couplings to first 
two generations

B B mixing from coupling first and third generation
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If new physics only affects third generation, no new 
sources of flavor violation

Such models have “Minimal Flavor Violation”
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Minimal Flavor Violation
All flavor effects have been seen in couplings to first 
two generations

B B mixing from coupling first and third generation

K K mixing from first and second generation

If new physics only affects third generation, no new 
sources of flavor violation

Such models have “Minimal Flavor Violation”

Rather few concrete models avalailable
No hope of connecting origin of mass and flavor
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Next-to-minimal Flavor Violation

Allow small deviations from minimal flavor violation

Flavor mixing scales in same way as CKM matrix

New sources of flavor violation of comparable to SM 
contributions

Many models fall into NMFV class (SUSY alignement, 
Little Higgs models, RS1 models, ...
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Next-to-minimal Flavor Violation

Allow small deviations from minimal flavor violation

Flavor mixing scales in same way as CKM matrix

New sources of flavor violation of comparable to SM 
contributions

Many models fall into NMFV class (SUSY alignement, 
Little Higgs models, RS1 models, ...

Given the many measurements, how large can new 
sources of flavor violation be?
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ΔB = 2 Processes
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General Parametrization

M12 = M12SM + M12BSM

      = M12SM (1 + h eiσ)

Bd Bd mixing : {hd,σd}

Bs Bs mixing : {hs,σs}
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Results
The parameter space r2

d, θd and hd, σd
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shaded areas have exclusion CL < 0.1, 0.68, 0.95

r2
d , θd: |M12/MSM

12 | can only differ significantly from 1 if arg(M12/MSM
12 ) ∼ 0

hd ,σd: NP may still be comparable to SM (allowed range is shrinking)

• Recent data restricts NP in mixing for the first time — still plenty of room left

ZL — p.8

B B mixing
Agashe, Papucci, Perez, Pirjol (’05)
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ResultsNew physics in B0
sB

0
s mixing

• Before and after the measurement of ∆ms:
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Constraints with Δms
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Implications

Recent observation of Bs mixing is in agreement with 
SM expectations

This does not give strong constraints on possible 
contributions from BSM physics

BSM contributions can be as large as SM contributions

Need LHC to add addtional information to 
constrain BSM contributions
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Add information from LHC
Time dependent CP asymmetry in Bs→ψΦ

Analogous to sin(2β) (just as clean)

Prediction sin(2βs) = 0.0365±0.0020

Constraints with measurement of SBs→ψφ

• Sψφ is analog of SψK (sin 2β), and similarly clean

In SM: βs = arg(−VtsV ∗
tb/VcsV ∗

cb) = O(λ2); prediction: sin 2βs = 0.0365± 0.0020

• Assume Sψφ measured to be SM ±0.03 / ± 0.10 (1/0.1 yr nominal LHCb data)
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[ZL, Papucci, Perez, hep-ph/0604112]

• Unless there is an easy-to-find narrow resonance at ATLAS & CMS, this could be
(one of) the most interesting early measurements(s)

ZL — p.9

hs hs

±0.03
1yr LHC

±0.10
0.1yr LHC

This could be one of the first signals at LHC

Ligeti, Papucci, Perez (’06)
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ΔB = 1 Processes
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Direct CP violation

In SM both tree and loop contributions possible

BSM physics can modify loop contributions
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The Curse of QCD
The weak interaction we are after is masked by QCD 
effects, which are completely non-perturbative

Weak interaction
effect we are after

Non-perturbative
effects from QCD

Crucial to understand long distance physics to 
extract weak flavor physics from these decays 
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Effective Field Theories

Separate short distance from long distance effects

Short distance physics is calculable perturbatively

Long distance physics simplifies in limit ΛQCD/Q→0

Long distance physics is independent of the details of 
effects at short distances

Measure the long distance effects in one process and 
use results in other processes
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B ππ

Kinematics

E~mB/2 E~mB/2

Typical size of hadrons ~1/ΛQCD

E≫ΛQCD

Soft Collinear Effective Theory
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SCET in pictures

1fm0.2fm !0.4fm1fm !

1fm

b
0.1fm

u
u

d
(b)

Heavy b quark almost 
at rest in B meson

b quark decays into three light quarks, two in the 
same direction, one in opposing direction

two quarks are very close until 
far from B meson. Thus no 

coupling between B and pion

energetic quark requires spectator 
of the B meson to form pion. 

Factorization more subtle

E~mb/2 E~mb/2

B ππ
E~mB/2 E~mB/2 CWB, Pirjol, Rothstein, 

Stewart (’03)
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The factorization formula

B M2

M1

Relevant Energy Scales

mb,
√

EΛ ∼ 1.3 GeV, Λ

p2 ∼ EΛ

Factorization – Christian Bauer – p.7
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The factorization formula

A = N



fπ

Z

du dz T1J(u, z)ζBπ
J (z)φπ(u)
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Z
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+ λ(f)
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Parameter counting

no 
expns SU(2) SU(3) SCET

+SU(2)
SCET
+SU(3)

ππ 11 7/5
15/13

4

4Kπ 15 11 +5(6)

KK 11 11 +4/+0 +3(4)

Number of hadronic parameters
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Implications of small phases
Define Observables

Definition of Sumrules

|R1 =
2Br(B− → π0K−)

Br(B− → π−K̄0)
− 1

= 0.004 ± 0.086

R2 =
Br(B̄0 → π−K+)τB−

Br(B− → π−K̄0)τB0

− 1

= −0.157 ± 0.055

R3 =
2Br(B̄0 → π0K̄0)τB−

Br(B̄0 → π−K̄0)τB0

− 1|

= 0.026 ± 0.105

Factorization – Christian Bauer – p.5
R1-R2+R3=O(ε2) Δ1-Δ2+Δ3-Δ4=O(ε2)

Lipkin, Gronau, Rosner, 
Buras et al, Beneke et al

Definition of Sumrules

|∆1 = (1 + R1)ACP(π0K−)

= 0.040 ± 0.040

∆2 = (1 + R2)ACP(π−K+)|

= −0.097 ± 0.016

∆3 = (1 + R3)ACP(π0K̄0)

= −0.021 ± 0.133

∆4 = ACP(π−K̄0)

= −0.02 ± 0.04

= (1)

Factorization – Christian Bauer – p.6

Sum rules for B→Kπ

Combinations vanish to LO in ε~|λu/λc|, PEW/P



Predictions for the Ri and Δi

Δ1-Δ2+Δ3-Δ4= 0.14±0.15

Experimental Results:

R1+R2-R3=0.19±0.15

CWB, Rothstein, Stewart (’05)
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Predictions for the Ri and Δi

Δ1-Δ2+Δ3-Δ4= 0.14±0.15

Pretty firm predictions
Need better data to check these predictions

Experimental Results:

R1+R2-R3=0.19±0.15

Δ1-Δ2+Δ3-Δ4~ε2sin(φi-φj) = 0±0.013

SCET Prediction:
   (modest assumptions about hadronic parameters)

R1+R2-R3=O(ε2)=0.028±0.021

CWB, Rothstein, Stewart (’05)



The B→PP predictions
Branching ratios
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The B→PP predictions
CP asymmetries
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TABLE X: Predicted CP averaged branching ratios (×10−6, first row) and direct CP asymmetries (second row for each mode)
for ∆S = 0 and ∆S = 1 B0

s decays (separated by horizontal line). The columns Theory I (II) correspond to two sets of
SCET parameters (103)-(110). Since the decays into nonisosinglet mesons do not depend on parameters in (103)-(110) only one
prediction is given. The errors on the predictions are estimates of SU(3) breaking, 1/mb corrections and errors due to SCET
parameters, respectively.

Mode Exp Theory I Theory II

B̄0
s → π−K+ < 2.2fd/fs

a 4.9 ± 1.2 ± 1.3 ± 0.3

− 0.20 ± 0.17 ± 0.19 ± 0.05

B̄0
s → π0K0 − 0.76 ± 0.26 ± 0.27 ± 0.17

− −0.58 ± 0.39 ± 0.39 ± 0.13

B̄0
s → ηK0 − 0.80 ± 0.48 ± 0.29 ± 0.18 0.59 ± 0.34 ± 0.24 ± 0.15

− −0.56 ± 0.46 ± 0.14 ± 0.06 0.61 ± 0.59 ± 0.12 ± 0.08

B̄0
s → η′K0 − 4.5 ± 1.5 ± 0.4 ± 0.5 3.9 ± 1.3 ± 0.5 ± 0.4

− −0.14 ± 0.07 ± 0.16 ± 0.02 0.37 ± 0.08 ± 0.14 ± 0.04

B̄0
s → K−K+ (9.5 ± 2.0)fd/fs

a 18.2 ± 6.7 ± 1.1 ± 0.5

− −0.06 ± 0.05 ± 0.06 ± 0.02

B̄0
s → K0K̄0 − 17.7 ± 6.6 ± 0.5 ± 0.6

− < 0.1

B̄0
s → ηπ0 − 0.014 ± 0.004 ± 0.005 ± 0.004 0.016 ± 0.007 ± 0.005 ± 0.006

− − −
B̄0

s → η′π0 − 0.006 ± 0.003 ± 0.002+0.064
−0.006 0.038 ± 0.013 ± 0.016+0.260

−0.036

− − −
B̄0

s → ηη − 7.1 ± 6.4 ± 0.2 ± 0.8 6.4 ± 6.3 ± 0.1 ± 0.7

− 0.079 ± 0.049 ± 0.027 ± 0.015 −0.011 ± 0.050 ± 0.039 ± 0.010

B̄0
s → ηη′ − 24.0 ± 13.6 ± 1.4 ± 2.7 23.8 ± 13.2 ± 1.6 ± 2.9

− 0.0004 ± 0.0014 ± 0.0039 ± 0.0043 0.023 ± 0.009 ± 0.008 ± 0.076

B̄0
s → η′η′ − 44.3 ± 19.7 ± 2.3 ± 17.1 49.4 ± 20.6 ± 8.4 ± 16.2

− 0.009 ± 0.004 ± 0.006 ± 0.019 −0.037 ± 0.010 ± 0.012 ± 0.056

aThe production fraction ratio of B0
d,s mesons is fd/fs ≈ 4 [60].

unless the ratio Tf/Pf is very large. This can happen
in ηKS,L decay modes, where there is large cancellation
in PB̄0→ηK̄0 (117). No such cancellations are possible in
η′KS,L modes. The large branching ratios of η′K neces-
sarily imply small deviations of sin 2βeff

η′KS,L
from sin 2β

in the context of Standard Model. Using the values of
parameters in (83), (84), and (103)-(110) obtained in the
previous two sections

∆Sη′KS,L

Th.
=

{

(−1.9 ± 0.5 ± 0.6 ± 0.3) × 10−2,

(−1.0 ± 0.5 ± 0.8 ± 0.2) × 10−2,
(134)

∆SηKS,L

Th.
=

{

(−3.4 ± 15.5 ± 5.4 ± 1.4) × 10−2,

(7.0 ± 13.6 ± 4.2 ± 1.1)× 10−2,
(135)

where the upper (lower) rows correspond to Solution I
(II) sets of SCET parameters in (103)-(110), while

∆Sπ0KS,L

Th.
= (7.7 ± 2.2 ± 1.8 ± 1.0) × 10−2, (136)

where again the first two errors are due to SU(3) breaking
and expected 1/mb, αs(mb) corrections, while the last is
due to experimental uncertainties on SCET parameters

extracted from the χ2-fit to branching ratios and direct
CP asymmetries.

It is illuminating to evaluate the ratios rfeiδf (124) of
“tree” and “penguin” terms for these modes. The nu-
merical values are gathered in Table IX. As expected
from the general arguments outlined above, the ratio rf

is relatively large for B̄0 → ηKS,L due to cancellations in
“penguin” amplitudes. The corresponding strong phases
δf both for Solution I and Solution II sets of SCET pa-
rameters (103)-(110) are not close to 0◦ or 180◦, so the
values of ∆SηKS,L in (135) are not close to the maxi-
mal possible deviations for given values of rf . On the
contrary, ∆Sπ0KS,L

in (136) is already close to maximal
positive deviation for fixed value of rf . Phenomenolog-
ically probably most interesting is ∆Sη′KS,L , whose ab-
solute value is much smaller and is below 4% even if δf

is taken to be completely unknown. In accordance with
general expectations very small values of |∆Sη′KS,L | have
also been found in other approaches to two-body B de-
cays; in QCD factorization [14, 103], in QCD factoriza-
tion with modeled rescattering [104] and are consistent
with bounds obtained using SU(3) symmetry [92, 105].

The predictions (135) - (136) are to be contrasted with
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TABLE XI: Predictions for (Sf )Bs (first row in each mode) and (Hf )Bs (second row) parameters in Bs decays. The columns
Theory I (II) correspond to two sets of SCET parameters (103)-(110). Since the decays into nonisosinglet mesons do not depend
on parameters in (103)-(110) only one prediction is given. The errors on the predictions are estimates of SU(3) breaking, 1/mb

corrections and errors due to SCET parameters, respectively. No predictions are made for (Sf )Bs and (Hf )Bs in B̄0
s → K0K̄0

and B̄0
s → π0η′, see text.

Mode Exp Theory I Theory II

B̄0
s → KSπ0 − −0.16 ± 0.41 ± 0.33 ± 0.17

− 0.80 ± 0.27 ± 0.25 ± 0.11

B̄0
s → KSη − 0.82 ± 0.32 ± 0.11 ± 0.04 0.63 ± 0.61 ± 0.16 ± 0.08

− 0.07 ± 0.56 ± 0.17 ± 0.05 0.49 ± 0.68 ± 0.21 ± 0.03

B̄0
s → KSη′ − 0.38 ± 0.08 ± 0.10 ± 0.04 0.24 ± 0.09 ± 0.15 ± 0.05

− −0.92 ± 0.04 ± 0.04 ± 0.02 −0.90 ± 0.05 ± 0.05 ± 0.03

B̄0
s → K−K+ − 0.19 ± 0.04 ± 0.04 ± 0.01

− 1 − (0.021 ± 0.008 ± 0.007 ± 0.002)

B̄0
s → π0η − 0.45 ± 0.14 ± 0.42 ± 0.30 0.38 ± 0.20 ± 0.42 ± 0.37

− −0.89 ± 0.07 ± 0.21 ± 0.15 −0.92 ± 0.08 ± 0.17 ± 0.15

B̄0
s → ηη − −0.026 ± 0.040 ± 0.030 ± 0.014 −0.077 ± 0.061 ± 0.022 ± 0.026

− 1 − (0.0035 ± 0.0041 ± 0.0019 ± 0.0015) 1 − (0.0030 ± 0.0048 ± 0.0017 ± 0.0021)

B̄0
s → ηη′ − 0.041 ± 0.004 ± 0.002 ± 0.051 0.015 ± 0.010 ± 0.008 ± 0.069

− 1 − (0.0008 ± 0.0002 ± 0.0001 ± 0.0021) 1 − (0.0004 ± 0.0003 ± 0.0003 ± 0.0007)

B̄0
s → η′η′ − 0.049 ± 0.005 ± 0.005 ± 0.031 0.051 ± 0.009 ± 0.017 ± 0.039

− 1 − (0.0012 ± 0.0003 ± 0.0002 ± 0.0017) 1 − (0.0020 ± 0.0007 ± 0.0009 ± 0.0041)

the experimental findings, where (neglecting the small
difference between SJ/ΨKS,L

and sin 2β [106])

∆Sη′KS

Exp.
= −0.23 ± 0.13. (137)

and

∆Sπ0KS,L

Exp.
= −0.41± 0.26, (138)

while no information on ∆SηKS is yet available. The dif-
ference between Sη′KS , Sπ0KS

and sin 2β has been even
more pronounced in the past, and has been reduced in
the past year to the present level of almost 2 σ. Since pre-
dictions for these two quantities in SCET are not prone
to large uncertainties as shown by the errors in (134),
(136), a further reduction of experimental errors with un-
changed central values would be a clear signal of beyond
the Standard Model physics.

D. Bs decays

Using SU(3) symmetry allows us to make predictions
for B0

s decays as well. Predictions made with the values
of SCET parameters (83), (84), and (103)-(110) for CP
averaged branching ratios and direct CP asymmetries are
collected in Table X, while the predictions for the observ-
ables (Sf )Bs (66) and (Hf )Bs (67) are given in Table XI.
The SU(3) breaking on the SCET parameters relations
(43)-(46) and (53) was assumed to be 20% with a 20◦

variation on the charming penguin’s strong phases. The

second errors in Tables X, XI, estimate the remaining
order 1/mb and αS(mb) corrections. These are obtained
from a 20% variation on the size and a 20◦ variation on
the strong phase of the leading order amplitudes propor-

tional to λ(f)
u or λ(f)

t .
Many observations made about B̄0 and B− decays

hold also for B̄0
s decays. For instance ∆S = 1 decays

B̄0
s → KK̄ and B̄0

s → η(′)η(′) are dominated by nonper-
turbative charming penguins due to a CKM hierarchy
just like B → πK, B → Kη(′) decays. Expanding in the
CKM suppressed “tree” over “penguin” ratio rf (124)
the observables from time dependent decays (66), (67)

(Sf )Bs = ηCP
f sin 2ε− ηCP

f rf cos δf cos 2ε+O(r2
f ), (139)

and

(Hf )Bs = ηCP
f cos 2ε

(

1 −
r2
f

2

)

+ ηCP
f sin 2ε

[

rf cos δf

+ r2
f

Re
(

λ(s)
u /λ(s)

c

)

Im
(

λ(s)
u /λ(s)

c

)

(

cos2 δf −
1

2

)]

+ O(r3
f ),

(140)

while the expression for direct CP asymmetry to first
order in rf is given in (125). Since ε ∼ 1◦ in the Stan-
dard Model, (Hf )Bs for the penguin dominated decays
B̄0

s → KK̄ and B̄0
s → η(′)η(′) is expected to be very close

to 1. In the Standard Model sin 2ε ∼ 0.035 and thus
sin 2ε ∼ rf , so that the deviations of (Hf )Bs from unity
are numerically of order O(r2

f ). For 1 $ rf > 2 sin 2ε,



Christian Bauer HCP, Durham, 5/24/06

Conclusions

Recent years have seen enormous advances in our 
understanding of B physics

All experimental results have confirmed the SM picture 
of flavor and CP violation

Given current uncertainties, still considerable room for 
BSM contributions to flavor and CP violation

LHC will help tremendously to constrain new physics in 
BsBs mixing

Recent new advances in theoretical understanding 
allows better relation of data to underlying physics


